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Noncovalent interactionsRefining of industrial lignin to produce homogeneous fractions is essential for high-value applications. However,
the understanding of key interactions between a variety of solvents with lignin polymer is still uncertain. In this
work, single-step fractionation of industrial hardwood kraft lignin (HKL) using organic solvents of different po-
larities – ethanol, acetone, diethyl ether and hexane –was investigated by combining an experimental and the-
oretical approach. Experimental results revealed that higher polarity solvents (ethanol and acetone) exhibited
higher solubility yield compared tomoderate and low polarity solvents. The chemical differences between lignin
fractions were proven by pyrolysis gas chromatography mass spectrometry and near infrared spectroscopy.
Density functional theory (DFT) results indicated that ethanol presented higher interaction energy followed by
acetone, diethyl ether and hexane, which was consistent with experimental findings. Hydrogen bond and non-
covalent interaction results fromDFT demonstrated that the predominant interactionwas found for high polarity
of ethanol over other solvents and γ-OH in the lignin model is the key site.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Reduction and revalorization of industrial by-products is an environ-
mental and social challenge. Kraft pulping process is the standard
method for delignification of wood to convert it to paper pulp. This in-
dustrial process annually produces a large kraft lignin-rich residual
stream that is typically combusted, resulting in low-value utilization
[1]. Therefore, from the industrial point of view, recovery and valoriza-
tion of kraft lignin for high-value applications, aside from supporting
circular bioeconomy policy, could also be the trigger for further devel-
opment of biorefineries in the near future [2,3].
The lignin polymer's complex chemical structure has been the sub-
ject of many studies over the years. However, it is still difficult to under-
stand lignin chemistry and structure-properties relationships. This
industrial waste has revealed high potential for numerous applications,
and over the years, kraft lignin has been evaluated as a renewable
source for the production of fine chemicals and gaseous productsf Primorska, Andrej Marušič
ew.eu (V. Ponnuchamy),
. This is an open access article underthrough thermochemical and biochemical methods [4,5]. Moreover,
several efforts have beenmade to incorporate kraft lignin into the poly-
meric industry both as an additive in natural and synthetic polymers
[6,7] and as precursor to synthesize various target applications includ-
ing polyurethanes, phenol-formaldehyde and epoxy resins, energy har-
vesting and storage, carbon-fibre and filler in composites [8–12]. New
applications are emerging for lignin polymer and lignin-derived prod-
ucts in differentfields. For example, lignin-based products are becoming
attractive materials for pharmacological and biomedical applications.
Research is focused on the evaluation of lignin's bioactive properties
such as its anti-tumour, antiviral, anti-diabetic, antioxidant and antimi-
crobial activities [13–15]. Development of drug delivery systems and
functional materials for tissue engineering, based on lignin, is also a
topic of great interest [13,16]. In addition, consideration of lignin poly-
mer as a sunscreen agent for cosmetics and health care products is
growing [17].
Despite the high application potential of this abundant aromatic
compound, industrial valorization of kraft lignin is highly restricted by
its heterogeneous structural features, which cause undesirable proper-
ties for particular applications. To date, several studies have been con-
ducted to overcome this problem. The fractionation of lignin using
organic solvents, described for the first time in the 1980s by Mörck
and coworkers [18], has been demonstrated to be an efficient method
to improve lignin homogeneity and reduce its complexity. For thisthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
V. Ponnuchamy, O. Gordobil, R.H. Diaz et al. International Journal of Biological Macromolecules 168 (2021) 792–805purpose, a wide range of organic solvents has been evaluated such as al-
cohols, ketones, esters, ethers, chlorinated solvents and alkenes [19–23].
Most of the reported work has centered on development of an effective
fractionation process and elucidation of the structural and thermal
properties of isolated lignin fraction.
The available literature evidence that the solubilization yield of lig-
nin in organic solvents depends largely on the chemical nature of the
solvent. However, the yield is also highly influenced by the lignin source
and its structural characteristics, like molecular mass, monomeric com-
position and chemical functionality [24–26]. Solubilization yield and
molecular weight of isolated lignin fractions increase with increase of
the hydrogen bonding capacity and polarity of the solvents, while low
molecular mass fractions are usually associated with low extraction
yields andweak hydrogen bonding capacity and low polarity of the sol-
vent [24,27–29]. Passoni et al. [30] reported that the solubility of lignin
in a given solvent is correlated to its ability to establish different inter-
molecular interactions with aliphatic, carbonyl and hydroxyl groups of
the lignin structure.
However, how is lignin-solvent interaction mechanism? What are
the active sites that make lignin solubilize? Despite numerous research
works related to lignin fractionation using organic solvents, these ques-
tions have not yet been explained. In this work, combined experimental
and theoretical studywas carried out with the aim to fractionate indus-
trial lignin and answer unknown aspects related to lignin-solvents in-
teraction mechanism.
In addition to the experiments, quantum chemical density func-
tional theory (DFT) calculations provide significant insight to under-
stand and evaluate the fundamental interaction involved in the
system containing lignin with different solvents. Because the complex
structure of lignin, considering a structure with all linkages present in
the lignin would be challenging. Therefore, in such regard, lignin-
based model compounds have been utilized for quantum chemical cal-
culations, for instance, guaiacyl glycerol-b-guaiacyl ether,
veratrylglycerol-b-guaiacyl ether, phenethyl phenyl ether, dilignol and
dibenzodioxicin etc. [31–38]. Most of the studies have aimed to eluci-
date the dissolution behaviour with ionic liquids system. It has been re-
ported that the dissolution of lignin can be favored when ions having
the ability tomake stronghydrogenbonds and non-covalent interaction
between lignin model and the solvents are used. Zhang et al. [35],
performed a detailed DFT study for lignin-based model, guaiacyl
glycerol-β-guaiacyl ether model dissolution using ionic liquids formed
by different cations and anions, and demonstrated that hydrogen-
bond formation between lignin model and anion is crucial for dissolu-
tion. Anions are predominantly forming hydrogen bonds with α-OH;
however, anions with higher number electronegative atoms or conju-
gated electrons are more pronounced for lignin dissolution. Similarly,
a combined experiment with DFT and molecular dynamics study has
shown that toluene sulfonic acid (p-TsOH) hydrotrope exhibited higher
lignin removal over other solvents such as ionic liquids and deep eutec-
tic solvents. The C-H····π and strong hydrogen bonds are the driving
factors for higher dissolution [36]. These investigations have been
used as a fundamental concept that provides design and selection of ap-
propriate solvent for dissolution. Although various lignin models with
different solvents have been demonstrated for quantum chemical in-
vestigation, lignin model with organic solvents changing the polarity
is still uncommon.
The present study mainly focuses on the investigation of fraction-
ation process with different organic solvents. The organic solvents
were chosen based on polarity, for instance, ethanol and acetone
(highly polar), diethyl ether (moderately polar) and hexane (non-
polar). Hardwood kraft lignin was considered for the fractionation pro-
cess with aforementioned solvents and followed by the investigation of
soluble and insoluble fraction using gel permeation chromatography
(GPC), pyrolysis gas chromatography mass spectrometry (Py-GC–MS)
and near-infrared spectroscopy (NIR) measurements. Subsequently,
DFT calculations were employed for the lignin model, dibenzodioxicin793(DBD) with solvents, to illustrate the lignin fractionation mechanism
and understand the driving force during fractionation process. Further-
more, to the best of our knowledge, this is the first study that combines
experimental and theoretical analyses to elucidate the impact of only
organic solvents in the fractionation process.
2. Materials and methods
2.1. Materials
For the experimental part, hardwood kraft lignin (HKL)was used.HKL
was isolated by precipitation from industrial hardwood black liquor from
Eucalyptus sp. using sulfuric acid (98%) as acidifying agent (pH= 2). The
precipitated HKLwas filtered andwashed until neutral pH, dried at 25 °C
and stored for further studies. The organic solvents used for the fraction-
ation process were ethanol (absolute, Scharlab), acetone (Scharlab),
diethyl ether (Fisher) and hexane (Fisher). Other solvents and reagents
used for lignin characterization were N,N-Dimethylformamide (99.5%,
Fisher Chemical, UK) and Lithium bromide (PanReacQuímica SAU,
Spain).
2.2. Single-step fractionation of hardwood kraft lignin
Lignin fractions were extracted from the crude HKL using organic
solvents of different nature (ethanol, acetone, diethyl ether and hexane)
in a single-step fractionation process. HKL (1 g)was suspended in 50mL
of solvent with a constant stirring (1000 rpm) at room temperature for
2 h. The soluble (FS) and insoluble (FI) fractions were separated by fil-
tration. FI was washed and dried in vacuum at 30 °C overnight, while
FS was recovered by removing the solvent under reduced pressure in
a rotary evaporator. The experiments were carried out in triplicate in
order to check the replicability of the single-fractionation process. The
yields of the fractions were calculated on dry basis. The Pearson correla-
tion coefficient was calculated from the data set of yields, average mo-
lecular weight and polarity of solvents using OriginPro 2015 software.
2.3. Structure characterization
The molecular weight-average (Mw), number-average (Mn) and
polydispersity (Mw/Mn) of kraft lignin (HKL) and isolated lignin frac-
tions were determined by Gel permeation chromatography (GPC)
(Jasco LCNet II/ADC), equipped with an RI-2031 Plus Intelligent refrac-
tive index detector, PolarGel-M column (300 mm 7.5 mm) and
PolarGel-M guard (50 mm 7.5 mm). For the test, 0.25 mg of the sample
were dissolved in 5 mL of N,N dimethylformamide (DMF) with 0.1%
lithium bromide, and 20 μL of solution were injected. The column
operated at 40 °C and eluted with N,N dimethylformamide (DMF)
with 0.1% lithium bromide at flow of 0.7 mL/min. Monodispersed poly-
styrene was used as a calibration standard.
Pyrolysis gas chromatography mass spectrometry (Py-GC–MS),
equipped with a 5150 Pyroprobe pyrolyzer (CDS Analytical Inc., Oxford,
PA) and GC–MS instrument (Agilent Techs. Inc. 6890 GC/5973MSD),
were used to study the monomeric composition of lignin. A quantity
between 400 and 800 mg was pyrolyzed in a quartz boat at 600 °C for
15 s with a heating rate of 20 °C/ms (ramp-off) with the interface kept
at 260 °C. The pyrolyzates were purged from the pyrolysis interface into
the GC injector under inert conditions using helium gas. The fused-silica
capillary column used was an Equity-1701(30 m × 0.20 mm× 0.25 μm).
TheGC oven program started at 50 °C andwas held for 2min. Then itwas
raised to 120 °C at 10 °C/min and was held for 5 min. After that, it was
raised to 280 °C at 10 °C/min. and held for 8 min; it was finally raised
to 300 °C at 10C/min andheld for 10min. The compoundswere identified
by comparing their mass spectra with the National Institute of Standards
Library (NIST) and with compounds reported in the literature [39–41].
Only compounds with peak area ratio higher than 0.2% were selected
for the calculation. The sum of these peak areas was normalized to
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area is widely related to the concentration of each compound.
2.4. NIR spectroscopy and chemometric analyses
Near infrared spectral measurements were performed in a Bruker
MPA II spectrophotometer equipped with an integrating sphere acces-
sory. NIR spectrum of lignin sample was recorded on diffuse reflectance
mode from an average of 64 scans over the range 12,000–4000 cm−1 at
a spectral resolution of 8 cm−1. HKL and its fractions were freeze-dried
for 24 h to remove the moisture content and avoid any moisture inter-
ference during NIR spectra collection. Three measurements were per-
formed on each sample. Then extended multiplicative scatter
correction (EMSC), followed by an average, were applied to the three
measured spectra on each sample in order to remove the scatter and
have more representative processed spectra.
NIR spectra were analyzed using SoloMIA (Eigenvector Research,
Inc., Wenatchee, WA, USA), preprocessing the NIR spectra by using ex-
tended multiplicative scatter correction (EMSC), SVN and mean center.
Principal component analysis (PCA) and partial least squares (PLS) re-
gressionmodelingwere applied on preprocessed NIR spectra. Cross val-
idation of calibration was conducted, principal components (PCs) or
latent variants (LVs)were selected, and the associated rootmean square
error of cross validation (RMSECV) value obtained.
2.5. Density functional theory (DFT) calculations
Lignin is a complex aromatic biopolymer and a rather expensive one
on which to perform quantum mechanical DFT calculations.
Furthermore, the macro molecular structure of lignin is hardly known.
In such case, a series of model compounds containing various linkages
(such as β-O-4, α-O-4, β-β, β-1 and 5-5′) are focused for DFT calcula-
tions [35,36,42–44]. In this work, a typical model compound,
dibenzodioxocin (DBD), is considered (shown in Fig. 1). The primary
purpose of this selected model is to incorporate as much as possible
the different linkages. The selected ligninmodel contains three predom-
inant linkages, β-O-4, α-O-4 and 5-5′, and present about 10% in soft-
wood lignins.
All DFT calculationswere performed using GAMESS-US [45] package
withwB97D-2 level of theory and 6-311g(d,p) basis set. This typical dis-
persion corrected functional shows a greater ability to describe the hy-
drogen bond and Van der Waals interaction between the molecules asFig. 1. Structure of a lignin model used in the current study.
794they play crucial roles in many chemical systems. The basis set used in
this study was 6-311g(d,p) without any diffusion function. The recent
study revealed that extra-diffuse function does not influence the inter-
action energy, H-bonding and O\\H stretching frequencies [46,47].
The isolated structure of DBD was optimized in gas phase and different
solvent environments (ethanol, acetone, diethyl ether and hexane)
using solvation model density (SMD) [48] method. In the following,
single-point energy calculation was performed for different configura-
tions with each solvent in order to find the most possible interaction.
The lowest energy configuration of four to six configurations was se-
lected for further optimization with wB97D-2/6-311g(d,p) level of the-
ory to find thefinal geometry. Vibrational analysis was carried out for all
final investigated geometries to ensure no imaginary frequencies were
obtained, confirming each geometry has a minimum on the potential
energy surface. Zero-point energy corrections were also included, and
the energy of all systems was estimated at temperature T = 298.15 K.
After optimizations of all investigated geometries, Jmol [49] and
WxMacMolPlt [50] were used for visualization. Atoms in molecules
(AIM) theory has been used to account hydrogen-bond characteristics
such as nature of hydrogen-bond and strength using electron density
(ρBCP) and Laplacian of electron density (∇2ρBCP) [51,52]. These param-
eters are calculated at the bond critical point (BCP) with the criteria of
∇2ρBCP > 0 for hydrogen bonds and ionic bonds and ∇2ρBCP < 0 for
covalent bonds. Reduced density gradient (RDG) scatter plots and
non-covalent interaction (NCI) plots are potentially used to illustrate
non-covalent interaction between the molecules [53,54]. These analy-
ses, along with atomic changes (ChelPG) [55], were extracted using
Molden [56] and Multiwfn [57] packages.
The interaction energy (ΔE) of the different configurations has been
expressed as the energy difference of themost stable configuration and
corresponding isolated geometries,
ΔE ¼ 2625:5 Eab−Ea−Ebð Þ, kJ mol−1
where Eab represents lignin DBDmodel with solvent configuration, and
Ea and Eb are the energies for isolated geometries of lignin DBD model
and solvents (ethanol, acetone, diethyl ether and hexane), respectively.
3. Results and discussion
3.1. Yields and solubility of hardwood kraft lignin in organic solvents
In this work, industrial hardwood kraft lignin was treated with
organic solvents of different chemical nature and polarity using a
single-step fractionation process in order to evaluate the chemical char-
acteristics of the resulted soluble and insoluble fractions.
The solvents were classified according to their chemical nature in
addition to their polarity and hydrogen-bonding capacity based on the
Hansen solubility parameters. Ethanol (δP = 8.8; δH = 19.4) was used
as a polar protic solvent, while acetone (δP = 10.4; δH = 7.0) was se-
lected as a polar aprotic solvent. Moreover, non-polar solvents diethyl
ether (δP = 2.9; δH = 5.1) and hexane (δP = 0; δH = 0) were used for
kraft lignin fractionation.
The yields of soluble and insoluble fractions from the single-
extraction processes are presented in Fig. 2. According to previous
work, the solubility of lignin compound in organic solvents relies on lig-
nin type [19,26]. HKL has been produced from kraft cooking of Eucalyp-
tus chips. During the pulping process, lignin is partially degraded by the
cleavage of aryl ether bonds, allowing its dissolution in the black liquor
[58]. This technical lignin is characterized by having a high content of
phenolic hydroxyl groups and the presence of condensed chemical
structures as a result of the kraft pulping process. This technical lignin
is characterized by having a high content of phenolic hydroxyl groups
and the presence of condensed chemical structures as a result of the
kraft pulping process [9,59].
Fig. 2. Solubility yields of HKL in different organic solvents.
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vents and yields of soluble fractions (R=0.97). Therefore, high solubil-
ity (70–80%) of HKL was observed in polar protic and aprotic solvents
such as ethanol and acetone. Other authors also reported the ability of
these organic solvents to solubilize high yield of starting lignin [22,60].
Diethyl ether was able to solubilize around 11% of HKL; however, ex-
tracted soluble fractions from hexane (<1%), which were analyzed by
GC–MS technique, were solely based on lipophilic fraction (fatty
acids) present in the kraft lignin. Previous research study on Eucalyptus
kraft lignin fractionation using organic solvents of an increasing
hydrogen-bonding capacity for a sequential extraction proved that hex-
ane and diethyl ether also provided very low solubilization yield of lig-
nin with values of 0.2% and 1.6%, respectively [61].3.2. Structural characteristics of lignin fractions
For better understanding the effect of organic solvent of diverse na-
ture on the hardwood kraft lignin structure, themolecularweight distri-
butions of both soluble and insoluble fractions were examined. The
average molecular weight and polydispersity results are shown in
Table 1 and GPC chromatograms are presented in Fig. S1 of the supple-
mentary information. Due to the chemical differences between lignin
and calibration polystyrene standards, the results of molecular weight
distribution of HKL and its fractions has been considered as relative
values of molar mass.
In general, soluble fractions presented lower molecular weights and
higher homogeneity than initial hardwood kraft lignin, while remaining
insoluble fractions showed higher molecular weights and polydisper-
sity, especially as derived from ethanol and acetone fractionation pro-
cesses. Duval and co-workers showed high average molecular weight
and polydispersity values for insoluble softwood kraft lignin fractions
from solvents such as methanol, ethanol, propanol, acetone, methyl
ethyl ketone and ethyl acetate [22]. This effect was also observed byTable 1
Molecular weight-average (Mw), number-average (Mn) and polydispersity (PDI) of HKL
and isolated lignin fractions determined by GPC.













Hardwood KL 669 2477 3.7 – – –
Ethanol 633 1982 3.1 1762 8492 4.8
Acetone 661 2251 3.4 1670 10,384 6.2
Diethyl ether 412 563 1.4 759 2894 3.8
Hexane – – – 676 2569 3.8
795Sadeghifar and Argyropoulos in pure acetone fractionation of softwood
kraft lignin [60]. In that work, the molecular weight for the
unfractionated lignin was determined to be about 6000 g/mol (PDI =
4.0) and 3500 g/mol (PDI = 3.5) for soluble acetone lignin fraction.
However, the analysis of insoluble fraction showed significantly higher
molecularweight (Mw=14,000) andwidermolecularweight distribu-
tion (PDI = 6.6). In addition, fractionation of lignin from different ori-
gins in acetone-water solutions containing above 50% acetone (v/v)
also revealed that remaining insoluble fractions had higher molecular
weight than parent lignin and a wide molecular mass distribution
[28]. This phenomenon is related to lignin association in organic sol-
vents where the π-π interaction of the aromatic rings was proposed to
be the mechanism of lignin aggregation [62]. This effect was especially
appreciable in insoluble kraft and alkali lignins, but not in organosolv
lignins [63].
In this work, a clear correlation was found between molecular
weight of soluble and insoluble lignin fractions with the polarity of the
solvents (R = 0.99 and R = 0.95, respectively). Moreover, the polydis-
persity index of soluble fractionswas highly correlatedwith the polarity
of the solvent (R=0.98). Therefore, these results suggest that the polar-
ity of organic solvents plays an important role to control the molecular
properties of lignin during a fractionation process. Solvents with lower
polarity, but not totally non-polar like hexane, are able to extract
more homogenous lignin fractions with lower molecular weights. It
was remarkable the lowmolecularweight and lowheterogeneity of sol-
uble lignin fraction extracted with diethyl ether. As was reported in a
previous study where the solubility of Alcell® lignin in various solvents
was investigated, ligninwas slightly soluble in diethyl ether but allowed
the isolation of very homogeneous low molecular weight fraction [27].
Insoluble fractions from ethanol and acetone resulted in highmolecular
weight heterogeneous lignin fractions, which was consistent with pre-
vious research [22,60].
Furthermore, analytical pyrolysis (Py-GC–MS) of lignin sampleswas
carried out to study the characteristics of the resealed lignin-derived
compounds distribution and assess the effect of organic solvents in the
lignin composition. The pyrograms fromhardwood KL aswell as soluble
and insoluble fractions are presented on the Fig. S2 of the Supplemen-
tary Information. Pyrolytic products from lignin usually involve pheno-
lic compounds, furans and long-chain carboxylic acids and esters [64].
Phenolic compounds are associated with the monomeric composition
and chemical structure of lignin polymer while furan derivatives origi-
nate from the degradation of polysaccharides and their fragmentation
[65], and the presence of fatty acids is commonly associatedwith the or-
igin and their resistance to thermo-chemical extraction processes [66].
Fig. 3 represents the relative content of identified products according
to their origin. As can be observed, phenolic area detected for soluble
fractions was similar to that found for HKL, while the total phenolic
area found for insoluble fractions was substantially lower, especially in
the case of ethanol and acetone. This result can be related to their high
molecular weight. Moreover, a clear relation was found between theFig. 3. Relative content of identified pyrolysis products according to their origin.
Table 2
Relative content (%) of phenolic-type compounds and their classification according to
their structural characteristics.
HKL Ethanol Acetone Diethyl
ether
Hexane
FS FI FS FI FS FI FS FI
Phenolic compounds: origin
H-type 1.4 1.1 3.9 2.1 3.0 1.5 2.7 – 2.0
G-type 16.5 21.8 21.5 24.1 17.1 15.4 17.2 – 18.6
S-type 62.7 60.5 45.8 58.3 42.7 60.0 60.9 – 57.1
Ca-type 16.7 14.0 12.5 14.2 10.4 20.9 12.4 – 12.0
S/G 4.8 3.4 2.7 3.0 3.1 5.2 4.3 – 3.7
Phenolic compounds: structure of the side chain
Non-substituted saturated
chains (%)
29.9 30.8 25.6 34.5 16.5 40.1 21.7 – 25.0
Oxygenated groups in the
side chains (C=O) (%)
1.4 6.5 2.3 2.0 5.1 3.6 18.6 – 9.6
Unsaturated side chains
(C=C) (%)
6.7 5.7 10.9 6.6 9.0 3.5 7.4 – 6.6
Short chain (C1 + C2) 36.1 40.0 35.5 40.7 27.2 45.7 42.8 – 37.2
Long chain (C3) 2.1 3.3 5.5 3.4 3.7 2.3 4.7 – 4.9
(ArC1 + ArC2)/ArC3 17.1 12.0 6.5 11.8 7.4 20.2 9.0 – 7.5
Fig. 4. Scores plot in the plane of PC1 vs PC2 and p
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796yield of soluble fraction and amount of phenolics released during the
fast pyrolysis of the insoluble fraction from the same process. These re-
sults indicated that the solvents with high polarity like acetone and eth-
anol have a negative effect on quality of the remaining insoluble
fractions. In addition, it was noticed a high number of furan-related
compounds in insoluble fractions of ethanol and acetone. It is well
known that lignin and carbohydrate moieties are chemically bound in
native biomass, forming a lignin-carbohydrate complex (LCC). These
strong chemical bonds between lignin and hemicellulose greatly affect
the purity of lignin and hemicellulose during their isolation [67]. It
was previously reported the alkaline stability of LCC bonds during the
kraft pulping process and presence of lignin-carbohydrate complex in
the black liquor [68]. Therefore, the results suggest that kraft lignin
chemically bonded to carbohydrates were not solubilized, remaining
in the insoluble fractions. Previous studies showed similar results
[22,63,69]. The high molecular weight of insoluble fractions from etha-
nol and acetone was related to the carbohydrate-lignin complex
structure, which contributes to their molecular weight characteristics.
In addition, released phenolic compounds were grouped into four
categories according to their aromatic structure: phenol-type com-
pounds (H), guaiacyl-type compounds (G), syringol-type compounds
(S) and catechol-type compounds (Ca). Catechol-type compounds
originated from the syringol-type compounds during a pyrolysisrediction plot for insoluble-soluble fractions.
Fig. 5. Loadings of LV1 and LV2.
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Therefore, the syringyl/guaiacyl ratio (S/G) was calculated by dividing
the sum of peak areas from syringyl units (including catechol deriva-
tives) by the sum from the peak areas of guaiacyl derivatives. The pre-
sented results (Table 2) are from the average of three replicates. The
main products of HKL and fractions were derived from S unit because
they came from hardwood.
As can be observed in Table 2, an increase of G-type compoundswas
detected by analytical pyrolysis of both soluble and insoluble fractions,
except for the soluble fraction coming fromdiethyl ether. A linear corre-
lation was found between the polarity of the solvent and the increment
of guaiacyl-derived compounds (R = 0.99). Park and co-workers have
suggested that S-type units are less soluble in solvents; therefore, the
resulted lignin fraction presented higher guaiacyl content in their chem-
ical structure [19]. But this phenomenon is also observed in the case of
insoluble lignins. Therefore, it could indicate that during solubilization
on lignin in solvents demethoxylation reactions occur in the lignin, es-
pecially in polar solvents such as acetone and ethanol. Other authors
also observed a reduction ofmethoxyl group content after lignin solubi-
lization in organic solvents [27].
Furthermore, lignin-derived phenolic compounds were also classi-
fied according to their structure and characteristics of their side chain,797and several differences were observed. Regarding compounds with
non-substituted saturated chains, soluble fractions released higher con-
tent of lignin-derived products with this specific characteristic than
starting HKL, while the opposite was observed for insoluble fractions.
This indicates that soluble fractions contain more aliphatic saturated
structures than initial HKL. It is remarkable the high content of released
pyrolysis product with this particular chemical characteristic of FS from
diethyl ether. The resulting structural characteristics using diethyl ether
as a solvent for lignin polymer fractionation were also detected by
Thring et al. [27]
No clear trend was observed for compounds with oxygenated
groups in the side chains; however, it can be said that these compounds
were more abundant in insoluble fractions, especially those that came
from non-polar solvents. Moreover, the compounds with unsaturated
side chain are not very representative of the original structure of lignin
since C_C bonds can be formed during the pyrolysis process [72,73].
In addition, it was observed that the fractionation process using or-
ganic solvents, in general, generates lignins with higher content of aro-
matic structures with short aliphatic chain, except in the case of
insoluble fractions of polar solvents. The effect of the solvent in the ali-
phatic chain of the resulted pyrolysis products can be clearly noticed by
the short/long aliphatic chain ratio presented in Table 2.
Table 3
Selected structural parameters for optimized geometry of ligninmodel in gas phase and in
presence of different solvents (ethanol, acetone, diethyl ether and hexane) at wB97X-D/6-
311g(d,p) level of theory. A, B and D represent different phenyl rings present in the DBD
structure. (See Fig. 3 for atom labels.)
Atoms Gas Ethanol Acetone Diethyl ether Hexane
Bonds (Å)
Cα – Cβ 1.525 1.525 1.525 1.525 1.525
Cα – Oα 1.442 1.450 1.448 1.446 1.444
Cα – DC1 1.509 1.508 1.508 1.509 1.509
Cβ – Oβ 1.416 1.419 1.419 1.418 1.417
Cβ – Cγ 1.527 1.524 1.527 1.527 1.527
Oα – A4 1.365 1.371 1.368 1.366 1.365
Oβ – B4′ 1.353 1.358 1.354 1.354 1.353
Cγ – Oγ 1.404 1.414 1.409 1.407 1.405
AC5 – BC5′ 1.497 1.498 1.499 1.499 1.499
DC3-OD 1.365 1.371 1.367 1.366 1.365
OD- C(H3) 1.419 1.427 1.424 1.423 1.421
BC3′-OB 1.358 1.357 1.356 1.356 1.357
OB-C(H3) 1.410 1.419 1.418 1.416 1.413
AC3-OA 1.350 1.350 1.347 1.348 1.349
OA-C(H3) 1.409 1.417 1.415 1.413 1.411
Angle (°)
Cα – Cβ – Oβ 107.7 107.6 107.4 107.5 107.5
Cα – Oα – AC4 113.9 114.0 114.2 114.1 114.2
DC1 – Cα – Cβ 113.9 114.2 114.3 114.2 114.2
DC1 – Cα - Oα 113.5 113.5 113.6 113.6 113.5
Cα – Cβ – Cγ 113.2 113.0 113.4 113.3 113.3
Cβ – Cγ – Oγ 110.5 110.4 110.3 110.4 110.5
Cβ – Oβ – BC4′ 123.2 123.0 123.2 123.3 123.4
Oα – Cα – Cβ 110.1 109.5 109.6 109.7 109.8
Oβ – BC4′ – BC5′ 127.6 128.0 127.9 128.0 128.1
Oα – AC4 – AC5 120.9 120.8 120.9 120.9 121.0
DC3-OD-C(H3) 114.5 113.8 114.1 114.2 114.4
BC3′-OB-C(H3) 117.7 117.8 117.8 117.8 117.9
AC3-OA-C(H3) 118.0 118.0 118.2 118.1 118.1
Oα – Cα – Cβ - Oβ 53.6 53.5 53.9 54.0 53.9
Charges (e)
Cα 0.4882 0.5465 0.6048 0.5631 0.5041
Cβ −0.1261 −0.2128 −0.2153 −0.1819 −0.1741
Cγ 0.4286 0.4482 0.4173 0.4376 0.4464
Oα −0.4725 −0.5312 −0.5272 −0.5101 −0.4778
Oβ −0.3291 −0.3411 −0.3552 −0.3311 −0.3201
Oγ −0.6066 −0.6682 −0.6290 −0.6264 −0.6213
OD −0.4096 −0.4459 −0.4401 −0.4301 −0.4184
C(H3)OD 0.2121 0.2073 0.2532 0.2441 0.2266
OA −0.2709 −0.3053 −0.2823 −0.2765 −0.2737
C(H3)OA 0.1328 0.1142 0.1157 0.1135 0.1140
OB −0.2798 −0.3284 −0.3187 −0.3063 −0.2983
C(H3)OB 0.0298 0.0380 0.0443 0.0363 0.0327
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As a complementary analysis, chemical information provided byNIR
spectroscopy was processed and subjected to an exploratory data anal-
ysis by applying principal components analysis (PCA) and partial least
squares discriminant analysis (PLS-DA).
PCA was used as an exploratory method, reducing the original vari-
ables into new sets of principal components (PCs), scores and loadings,
while PLS-DA was used as a classification method, creating groupsTable 4
Interaction energy (ΔE) values for ligninmodel with different solvents in kj/
mol.
Lignin DBD model – solvent ΔE (kj/mol)
Lignin – EtOH −55.53
Lignin – ACE −48.08
Lignin – DEE −46.74
Lignin – HEX −45.01
798(latent variables LVs) that are able to be regressed on each other and
on observed covariates thus discriminating groups.
The spectral variance in the range of 7500–4200 cm−1 was reduced
with PCA into three principal components that include 99.96% of the
variance. As can be observed in the scores plot (Fig. 4), soluble and insol-
uble fractions were clearly differentiated by plotting PC1 vs PC2, ac-
counting for 99.81% of the existing variances in collected spectra.
The spectral groups corresponding to HKL and insoluble fractions
from hexane and diethyl ether presented negative scores in PC1 and
PC2, evidencing chemical similarities between them. However, insolu-
ble fractions from ethanol and acetone showed positive scores in PC1
and PC2. Soluble fraction from diethyl ether appears as an outlier, indi-
cating a total chemical difference with initial kraft lignin and other iso-
lated fractions. The chemical analyses also proved similarities and
differences between separated groups.
The PSL-DA divided the data set into three LVs (99.91%), predicting
the insoluble-soluble fractions (probability 100%) with a distance be-
tween 0.6 (soluble acetone vs insoluble ethanol) and 1.5 (insoluble ace-
tone vs soluble diethyl ether). HKL was predicted as insoluble in the
range of themain insoluble fractions, except acetone, whichwas further
away from the discriminative threshold. Moreover, the soluble diethyl
ether fractions show negative values from the threshold, classifying it
as an outlier.
Loadings (Fig. 5) evidence that the importance of the original vari-
ables (bands) mostly contributed to the separation of lignin samples
in each PC and LV. The loading plot of LV1 showed similar shape than
the mean spectra, which was expected from the mathematical treat-
ment applied. In LV1, it is worth mentioning a positive influence of
the bands at 6870, 5960, 5890, 5790, 4680 and 4410 cm−1. These
bands are totally related to chemical structure of lignin such as phenolic
O\\H groups, aromatic substructures and C\\H stretching of -CH2
groups and C_C and C\\O stretching. Additionally, LV2 showed a pos-
itive intensity in the bands related to specific functional groups of lignin
at 4680 and 4410 cm−1 [74].
3.4. DFT analysis of lignin model and solvent interactions
The isolated geometry of lignin DBD model in gas and different sol-
vents were optimized, and selected bond parameters and charges are
listed in Table 3. It is observed from Table 3 that polarity of the solvents
significantly impacts the bond lengths, especially for Cα – Oα bond. In
such case, high polarity nature of ethanol elongates this bond around
0.008 Å, followed by acetone. The polarity of solvent decreases, and
the bond length approaches to initial or gas phase value. For instance,
in the case of hexane, Cα – Oα bond deviates only 0.002 Å. A similar
trend has been pronounced for Cγ – Oγ bond, where ethanol shows a
large influence. However, considering the Cβ – Oβ bond, the changes
are less pronounced in different solvent environments. Therefore, it is
indicated thatα- and γ-based atoms are the crucial sites for high polar-
ity of solvents, for instance, ethanol and acetone. The bond lengths of
methoxy side chain present in the aromatic moieties were also com-
pared with different solvents. It was shown that the methoxy group in
D ring, particularly, DC3-OD, exhibits a larger deviation than AC3-OA
and BC3′-OB bonds for ethanol from gas phase. The extended π bond
configuration between A and B rings can influence this small deviation
of bond lengths. In contrast, a significant effect was observed for the
bond between methoxy O and methoxy C, and the difference in bond
length is about 0.009 Å for gas and ethanol solvent. However, the varia-
tion becomes small when decreasing the polarity of solvents. Further-
more, it is noted that 5-5′ (AC5 – BC5′) linkage in the lignin model does
not undergo any changes at different solvent environments due to the
fact of partial double bond character and π electrons delocalization.
The investigated solvents do not significantly modify the calculated
bond angles and dihedral angles, except for Oα – Cα – Cβ and DC3-OD-
C(H3) angles. In addition to the selected structural characteristics, the
atomic charge distributions were also calculated by ChelpG method to
Fig. 6. Optimized geometry of (a) lignin DBD – ethanol, (b) lignin DBD – acetone, (c) lignin DBD – diethyl ether and (d) lignin DBD – hexane.
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that the charges associated with ethanol and acetone exhibit a signifi-
cant difference from gas phase isolated geometry than low polar sol-
vents (diethyl ether and hexane). An important deviation, around 0.06
e, can be seen for Oα, Oγ than Oβ, which demonstrated that β site is
less evident.
3.5. Optimization of lignin DBD model with solvents
The lignin DBD model was optimized with solvents to illustrate the
most possible interaction, and interaction energies are presented in
Table 4. It is observed from Table 4 that lignin model with ethanol ex-
hibits the highest interaction energy values among other lignin – sol-
vents. The second highest interaction energy was obtained for lignin
model with acetone, and the difference in energy between ethanol
and acetonewas about 7.5 kj mol−1. It should be noted that the least in-
teraction was obtained for lignin model with non-polar hexane; how-
ever, the difference in energy associated with diethyl ether was small
at 1.73 kjmol−1. This finding is in full agreementwith the experimental
part that lignin fraction using ethanol solvent owns high yield compared
to the least yield observed form hexane.
We have also optimized the lignin model with different solvents to
demonstrate the most possible interaction, and optimized geometry
structures are shown in Fig. 6, together with some optimized bond pa-
rameters. It can be seen from Fig. 6 that solvents such as ethanol, diethyl
ether and hexane tend to approach the β-O and γ-OH, except for the
case of lignin model with acetone, in which acetone bound to methoxy
group andα-O bond. From the obtained bond parameters (Table 5), it is
obvious that a significant change in bond length was observed for Cα-
Oα, Cβ-Oβ and Cγ-Oγ bonds with ethanol solvent; whereas, the impact
of hexane solvent is minimum. The bond length Cβ-Cγ is elongated
around 0.06 Å in the presence of diethyl ether than other solvents.799However, no conformational change can be seen for the diethyl ether
solvent after optimization. Similarly, comparing bond angles, the pre-
dominant effect was observed in lignin model for diethyl ether interac-
tion than other solvents where the minimum deviations are noticed.
The particular results can be seen for Cα – Oα – AC4, Cα – Cβ – Cγ, Cβ –
Cγ – Oγ and Cβ – Oβ – BC4′. The linear conformation of diethyl ether
could influence this particular change in the structural properties, de-
spite its low polarity. The ChelpG charge distribution of lignin-solvent
configuration shows that investigated solvents impact the lignin DBD
model compared to DBD model without solvent, which is again more
evident for the stronger interaction during fractionation process
(Table 5).
3.6. Hydrogen bond analysis of lignin DBD model with solvents
We have performed AIM analysis proposed by Bader [51] to illus-
trate and classify the nature of intermolecular interaction between mo-
lecular systems. The intermolecular interaction parameters of ρBCP
(charge density), ∇2ρBCP (Laplacian of the charge density) and total en-
ergy density (H) are presented in Table 6. The corresponding AIM mo-
lecular bond critical point (BCP) graphs for lignin DBD model with
different solvents, representing important hydrogen bonds, are illus-
trated in Fig. 7. In general, the typical criteria for ρBCP and ∇2ρBCP to ac-
count hydrogen-bonds at BCP should be in the range of 0.002–0.035 a.
u. for electron density and 0.024–0.139 a.u. for its Laplacian value
[35,75]. The obtained hydrogen bonds for the investigated atom pairs
in the proposed range explain that the solvents make hydrogen bonds
with lignin DBDmodel. As can been from Fig. 7, solvents make stronger
hydrogen bonds with lignin model, however; it is evident that the cor-
responding hydrogen-bonds rather weak compared to strong hydrogen
bonds. This is due to the fact that there are fewer hydrogen donor/ac-
ceptor atoms present in the lignin model. It can be clearly seen from
Table 5
Selected structural parameters for entire optimized geometry of lignin model with differ-
ent solvents (ethanol, acetone, diethyl ether and hexane) in gas phase. A, B and D repre-







Cα – Cβ 1.525 1.522 1.525 1.525 1.526
Cα – Oα 1.442 1.447 1.445 1.440 1.439
Cα – DC1 1.509 1.509 1.509 1.508 1.511
Cβ – Oβ 1.416 1.420 1.415 1.417 1.414
Cβ – Cγ 1.527 1.528 1.528 1.533 1.530
Oα – A4 1.365 1.363 1.368 1.364 1.365
Oβ – B4′ 1.353 1.350 1.354 1.352 1.354
Cγ – Oγ 1.404 1.408 1.403 1.404 1.405
AC5 – BC5′ 1.497 1.496 1.496 1.499 1.498
Angle (°)
Cα – Cβ –
Oβ
107.7 109.5 108.0 106.9 108.0
Cα – Oα –
AC4
113.9 114.7 113.5 115.3 114.4
DC1 –
Cα – Cβ
113.9 114.3 113.9 113.5 112.7
DC1 – Cα -
Oα
113.5 113.5 113.1 114.0 114.5
Cα – Cβ –
Cγ
113.2 113.9 112.8 112.0 112.4
Cβ – Cγ –
Oγ
110.5 110.6 110.6 111.4 111.2
Cβ – Oβ –
BC4′
123.2 123.2 123.7 122.6 122.6
Oα – Cα –
Cβ








120.9 121.3 120.8 121.6 121.6
Oα – Cα –
Cβ - Oβ
53.6 54.8 54.2 51.1 48.4
Charges (e)
Cα 0.4882 0.4953 0.4112 0.6166 0.4058
Cβ −0.1261 −0.2675 −0.1798 −0.1950 −0.3077
Cγ 0.4286 0.3636 0.4182 0.3889 0.3161
Oα −0.4725 −0.4747 −0.4337 −0.5101 −0.4637
Oβ −0.3291 −0.3170 −0.2550 −0.3420 −0.2495
Oγ −0.6066 −0.5897 −0.5882 −0.5924 −0.5341
V. Ponnuchamy, O. Gordobil, R.H. Diaz et al. International Journal of Biological Macromolecules 168 (2021) 792–805the Fig. 7 that the electronegative oxygen present in the ethanol, ace-
tone and diethyl ether bondwith hydrogen atoms attached to alkyl car-
bon or aromatic carbon. The same phenomenon was observed from
lignin DBD model to solvents, in which oxygen atoms from DBD
model interactwith hydrogen atomspresent in solvents. Comparinghy-
drogen bond length and electron density values indicate that ethanolTable 6
Hydrogen bond length (Å) and corresponding characteristics, ρBCP (charge density in a.u),∇2ρBC
with different investigated solvents. (See Fig. 4 for atom labels.)
Lignin model – solvent H-bonds Length (Å)
Ethanol O57··· H28 2.222
O57 ··· H42 2.364
H64 ··· O46 2.502
Acetone O61··· H55 2.391
H63 ··· O19 2.475
H65 ··· O34 2.760
Diethyl ether H59 ··· O46 2.407
O63··· H42 2.591
Hexane O46 ··· H68 2.583
O46··· H59 2.584
800strongly interacts with lignin DBD model through strong hydrogen
bond. The particular hydrogen-bond is formed between electronegative
oxygen from ethanol and H atom from aromatic ring (O57··· H28) and
the distance is about 2.222 Å, which is lower than that of other solvents,
and the second strongest hydrogen-bond is observed for ethanol O and
H fromCβ. After ethanol, acetone forms strong hydrogen bonds through
carbonyl oxygen with hydrogen from methoxy carbon, and the corre-
sponding electron density (0.0117 a.u) is almost the same as diethyl
ether (0.0116 a.u), despite lower hydrogen bond distance. The least hy-
drogen bondswere observed for hexane solvent. It is interesting to note
that oxygen at γ-position significantly participates hydrogen bonding
with all solvents except acetone. The hydrogen bond from γ-position
is prevalent for diethyl ether and hexane solvents. A similar trend was
also observed in previousworks [35,36]where authors reported the hy-
droxyl groups at α- and γ-positions significantly participate the hydro-
gen bondingwith solvents investigated. The positive values of Laplacian
for electron density at BCP show that these investigated hydrogen-
bonds are non-covalent. Similarly, positive values of energy density
(HBCP) in Table 6 reveal that these hydrogen-bonds have electrostatic
properties. From the analysis, the observed hydrogen bond strengths
follow the order of ethanol > acetone > diethyl ether > hexane. These
particular results again revealed that ethanol is the most effective and
pronounced solvent for fractionation process, which is consistent with
experimental findings.3.7. Reduced density gradient (RDG) analysis of lignin DBD model with
solvents
Reduced density gradient (RDG) is another useful method to ac-
count non-covalent interaction, like AIM method, and provide reliable
data. In this method, RDG is plotted against electron density multiplied
by the sign of second eigenvalue (sign(λ2)ρ) [54] and both inter- and
intra-molecular weak interactions can be seen from Fig. 8. RDG scatter
points indicate H-bonding interactions at negative scale (blue color),
and the spikes (green color) and positive scale of sign(λ2)ρ represent
Van der Waals interactions and steric repulsions, respectively. Non-
covalent interaction (NCI) analysis is used to visualize the respective in-
teractions with graphical visualization in a real space. As stated in the
hydrogen bond AIM analysis, the investigated system exhibits slightly
weaker hydrogen bond, hence, a small negative value is evident. Fig. 8
(a–d) shows the RGD points (left) together with NCI plot (right), in
which the strong intermolecular interaction of each case was circled.
Ethanol demonstrates the strongest hydrogen-bond (−0.0145 a.u.)
among the cases, and the lowest H-bond was obtained for hexane sol-
vent (−0.0085 a.u.). The RDG points (marked with black circles) corre-
spond to O57 ··· H28, O61 ··· H55, H59 ··· O46 and O46 ··· H28 for
lignin model with ethanol, acetone, diethyl ether and hexane, respec-
tively. Furthermore, NCI plots shown in Fig. 8 illustrate with the circled
disk-shaped blocks that indicate non-covalent interactions between lig-
nin model and solvents, and the hydrogen-bonds. Due to the fact ofP (Laplacian of the charge density in a.u) and energy density (H in a.u) of lignin DBDmodel











Fig. 7. Selected bond critical points (BCP) representing H-bonds between (a) lignin – ethanol, (b) lignin –acetone, (c) lignin – diethyl ether and (d) lignin – hexane. Color online: cyan –
carbon, white – hydrogen, red – oxygen and pink – bond critical point of hydrogen bonds.
V. Ponnuchamy, O. Gordobil, R.H. Diaz et al. International Journal of Biological Macromolecules 168 (2021) 792–805weak hydrogen bonds exist in the system, the non-covalent interactions
displayed (red-circled) green color that representweak inter-molecular
interactions.
3.8. HOMO-LUMO band gap
HOMO-LUMO gap explains the stability and chemical reactivity of
the molecule [76]. Large HOMO-LUMO represents the high kinetic
stability and low chemical reactivity and, therefore, the trend is vice-
versa for small HOMO-LUMO gap. Considering the investigated lignin-
solvent systems (Fig. 9), lignin-ethanol system exhibits low band gap,
which clearly illustrates higher chemical reactivity as compared to
other systems. The second chemical reactivity has been obtained for
lignin-acetone case. However, it should be noted that the difference in
band gap energy associated with lignin-diethyl ether system to lignin-
acetone is small. The least chemical reactivity or higher stabilitywas ob-
tained in the case of lignin-hexane system. These results again proposed
that ethanol solvent interacts with lignin strongly and is susceptible to
solubilize the lignin in a large quantity as compared to other solvent
systems.
Overall, the obtained DFT results have demonstrated that the hydro-
gen bonds play a crucial role towards fractionation of ligninmodel com-
pound. These results can be compared with several studies that used
various solvents including ethylene glycol, choline chloride based
deep eutectic solvents, recyclable acid hydrotropes (p-TsOH) and ionic
liquids with different types of lignin models [35,36,77–80]. The results
showed that hydrogen bond networks, charge transfer interactions
and π-π staking are the predominant interactions that drive the frac-
tionation process of lignin.
Conclusions based on the DFT calculation were consistent with the
experimental results, where both methods found that ethanol makes
stronger interactionwith lignin,which eventually facilitates greater sol-
ubility. Indeed, experimental results have shown that ethanol and ace-
tone drive demethoxylation reaction, which can be compared to the
DFT-optimized isolated lignin model with different solvent environ-
ments where we have found some significant changes in the structural801bond parameters with ethanol and acetone environments. These results
typically explain that higher polarity of solvents not only affects the lig-
nin linkages (α-O-4 and β-O-4) but also side chains present in the lig-
nin. However, comparison of the yield obtained from experiments
with calculated interaction energy of DFT exhibits a small contrast
that DFT found a significant difference in interaction energy (around 7
kj mol−1) between lignin-ethanol and lignin-acetone. Whereas, in the
case of experiments, a similar yield was observed. It should be noted
that the investigated ligninmodel for DFT calculations is one of the link-
ages present in the lignin biopolymer and, therefore, the difference is in-
evitable. Furthermore, another important point to consider is that the
trend observed for the solvents used with lignin model can be altered
whenother lignin linkages or ligninmodels are examined.Nevertheless,
this study provides a rational and fundamental explanation for the pre-
dominant interactions that drive the fractionation of lignin using differ-
ent polarity of solvents.
4. Conclusions
In this work, single-step fractionation of industrial hardwood kraft
lignin using organic solvents of different chemical nature was investi-
gated for the first time combining an experimental and theoretical ap-
proach. Chemical analyses revealed differences on molecular
characteristics in terms of molecular weight distribution and structure
of isolated soluble and insoluble fractions. Moreover, principal compo-
nents analysis (PCA) and partial least squares discriminant analysis
(PLS-DA) based on NIR spectroscopy data clearly differentiate samples
between soluble and insoluble fractions. Both chemical and chemomet-
ric analyses evidenced the special particularity of soluble fraction iso-
lated from diethyl ether, which resulted in homogeneous low
molecularmass fraction.We have also employed density functional the-
ory (DFT) calculations to illustrate the underlying mechanism solvents'
impact with the lignin model. On the basis of detailed analysis, the re-
sults have found that highly polar ethanol solvent strongly interacts
with the lignin model more than other examined solvents (acetone,
diethyl ether and hexane), and non-polar hexane solvent exhibits the
Fig. 8. RDG scatter plots (left) and corresponding non-covalent interaction (NCI) plots (right) of (a) lignin DBD – ethanol, (b) lignin DBD – acetone, (c) lignin DBD – diethyl ether and
(d) lignin DBD – hexane. The isosurfaces are colored (right) with respect to the values of sign(λ2)ρ (a.u.), from −0.03 to 0.02 a.u. Color online: blue represents strong attractive
interactions, green indicates van der Waals interactions and red indicates repulsive/steric interactions.
V. Ponnuchamy, O. Gordobil, R.H. Diaz et al. International Journal of Biological Macromolecules 168 (2021) 792–805least interaction energy. The different linkages present in the lignin
model, α-O and γ-O, undergo a large variation in the bond lengths
with ethanol and acetone solvents. Similar trend was also observed for
hydrogen bonding and non-covalent interaction analysis, in which eth-
anol makes the shortest hydrogen bond with lignin model. Aliphatic γ-
OH is the prevalent site for strong hydrogen bondswith ethanol, diethyl
ether and hexane over aromatic hydroxyl group; however, acetone
makes hydrogen bonds with methoxyl group and α-O atom. Chemical
reactivity study showed that lignin model with ethanol has a lower
band gap than other lignin-solvent, which is evident for high chemical802reactivity of the ethanol solvent. This research provides a significant in-
sight and rational explanation about lignin polymer fractionation using
organic solvents in order to make it more homogeneous for particular
value-added applications.
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